abbreviatioNs aSAH = aneurysmal subarachnoid hemorrhage; DVT = deep vein thrombosis; EVD = external ventricular drain; IQR = interquartile range; SCD = sequential compression device. submitted June 11, 2014. accepted December 30, 2014. iNclude wheN citiNg Published online July 10, 2015; DOI: 10.3171/2014.12.JNS141288. disclosure This study was supported by the OHSU Departments of Neurology and Neurosurgery. Dr. Hinson reports receiving support from the National Heart, Lung, and Blood Institute, award number 5K12HL108974-03, for the project described. The content of this paper is solely the responsibility of the authors and does not necessarily represent the official views of the National Heart, Lung, and Blood Institute or the National Institutes of Health. obJect Deep vein thrombosis (DVT) is a common complication of aneurysmal subarachnoid hemorrhage (aSAH). The time period of greatest risk for developing DVT after aSAH is not currently known. aSAH induces a prothrombotic state, which may contribute to DVT formation. Using repeated ultrasound screening, the hypothesis that patients would be at greatest risk for developing DVT in the subacute post-rupture period was tested. methods One hundred ninety-eight patients with aSAH admitted to the Oregon Health & Science University Neurosciences Intensive Care Unit between April 2008 and March 2012 were included in a retrospective analysis. Ultrasound screening was performed every 5.2 ± 3.3 days between admission and discharge. The chi-square test was used to compare DVT incidence during different time periods of interest. Patient baseline characteristics as well as stroke severity and hospital complications were evaluated in univariate and multivariate analyses. results Forty-two (21%) of 198 patients were diagnosed with DVT, and 3 (2%) of 198 patients were symptomatic. Twenty-nine (69%) of the 42 cases of DVT were first detected between Days 3 and 14, compared with 3 cases (7%) detected between Days 0 and 3 and 10 cases (24%) detected after Day 14 (p < 0.05). The postrupture 5-day window of highest risk for DVT development was between Days 5 and 9 (40%, p < 0.05). In the multivariate analysis, length of hospital stay and use of mechanical prophylaxis alone were significantly associated with DVT formation. coNclusioNs DVT formation most commonly occurs in the first 2 weeks following aSAH, with detection in this cohort peaking between Days 5 and 9. Chemoprophylaxis is associated with a significantly lower incidence of DVT.
V enous thromboembolism in hospitalized patients is associated with significant morbidity and mortality. 19 Among all neurosurgical patients, the estimated incidence of deep vein thrombosis (DVT) ranges broadly from 0% to 34%. 13 DVT is a common complication of aneurysmal subarachnoid hemorrhage (aSAH) associated with increased death and disability. 1, 3, 5, 11, [14] [15] [16] Two recent retrospective studies used screening ultrasound to estimate the incidence of DVT in aSAH to be 24% 14 and 9.7%. 15 A large retrospective review of nearly 16,000 patients from the Nationwide Inpatient Sample database found that the incidence of DVT was 3.5% and the incidence of DVT and pulmonary embolism was 4.4%. 10 Methods of DVT prophylaxis in aSAH include mechanical therapy, such as the use of sequential compression devices (SCDs), and pharmacological therapy, using unfractionated heparin, low-molecular-weight heparin, and/or other anticoagulants. 17 Pharmacological therapy is thought to be more effective at preventing DVT but may increase risk of intra-and extracranial bleeding complications. 2 The natural history of DVT formation after aSAH remains poorly understood despite its contribution to morbidity and mortality. Patients with aSAH may be at higher risk for DVT due to immobility. Aneurysmal hemorrhage also induces a prothrombotic state, which may contrib-ute to DVT formation. 6, 12 Importantly, the time period of greatest risk for developing DVT after aSAH is not known. As a result, optimal timing of DVT prophylaxis and duration of therapy are uncertain. 4, 17 This study retrospectively examines a cohort of consecutive aSAH admissions to the Oregon Health & Science University Neurosciences Intensive Care Unit over a 4-year period between 2008 and 2012. During this time, pharmacological DVT prophylaxis was not routinely used, in favor of mechanical prophylaxis with SCDs combined with frequent repeated ultrasound screening (every 5 days on average).
We hypothesized that the highest risk of DVT development would occur in the subacute period following rupture. To approximate this, we determined the number of DVTs detected during a time period with the highest risk of vasospasm (3-14 days), which would combine a period of significant patient immobility with the potential of prothrombotic activity due to the aSAH disease process. We compared the DVTs detected during this time with those detected in the acute (0-3 days) and chronic (> 14 days) periods. The time period at risk for developing DVT was defined as the number of days between the last known normal ultrasound examination (or onset of bleed) and DVT detection. From this, we estimated the percent risk of developing DVT per hospital day. Finally, we performed multivariate regression analysis to determine which patient-and stroke-dependent variables were significantly associated with DVT formation.
methods
Institutional review board approval was obtained for a retrospective chart review. A total of 268 patients with subarachnoid hemorrhage were identified from the Oregon Health & Science University (OHSU) Department of Neurosurgery database from April 2008 to March 2012. Of these, 217 patients underwent at least 1 lower-extremity Doppler ultrasonography screening during their hospitalization, and 198 patients had documented aneurysmal rupture. Per OHSU protocol, sequential ultrasound imaging was used to follow DVT development after aSAH. Chart review was performed to determine whether each patient developed a lower-extremity DVT during the hospitalization and at what time point it was diagnosed. A total of 598 ultrasound scans were performed on the 198 patients included in the study, for an average of approximately 3 ultrasounds per patient, and the average interval between ultrasound screenings was 5.2 days. The screening frequency was variable and depended on the protocol in place at the time and on the preferences of the attending neurointensivist. Additional demographic and clinical features of each patient were recorded including age, sex, length of hospital stay, severity of bleed (Hunt and Hess grade and Fisher scores), location of the aneurysm, the mechanism by which the aneurysm was secured (surgical vs endovascular), whether an external ventricular drain (EVD) was needed, and whether a patient became ambulatory at any point during the hospitalization. Descriptive statistics (median and interquartile range [IQR] for continuous variables; frequencies and percentages for categorical variables) were used to describe clinical data by group assignment. Group comparisons regarding categorical variables were performed using Fisher's exact and chi-square tests, and ordinal comparisons were made with the Mann-Whitney test. Multivariate analysis was performed using linear regression. Statistical analyses were performed using SPSS 22 (IBM Corp.). Significance was set at p ≤ 0.05. Graphs were created with Microsoft Office 2007 (Microsoft Corp.). Table 1 shows a comparison between the characteristics of patients in the DVT and non-DVT groups. DVT was detected in 42 (21%) of 198 patients (3 of whom were symptomatic), compared with 156 (79%) of 198 without DVT. There was no significant difference in sex or the mean age between the 2 groups at the time of rupture. Other factors that were not significant in the initial univariate analysis included development of vasospasm, aneurysm location, type of intervention performed, and the mean number of days to ambulation. Univariate analyses of the Hunt and Hess grade and Fisher scores were performed using a Mann-Whitney U rank-order test. Patients who developed DVT were more likely to be using mechanical prophylaxis alone, were more likely to have EVD placement, had a longer mean length of stay, were less likely to be ambulatory at discharge, and had an overall worse discharge outcome.
results incidence of dvt
We tested the primary hypothesis by determining the number of DVTs that were detected in the subacute time period corresponding to the highest risk for vasospasm ( Fig. 1A and B) . Twenty-nine (69%) of 42 patients were diagnosed with DVT between Days 3 and 14. This frequency of DVT diagnosis was significantly greater than the 3 cases (7%) diagnosed at Days 0-3 and the 10 cases (24%) diagnosed after Day 14 (p < 0.05). For patients diagnosed with DVT, the mean and median number of days for DVT detection was 10.6 ± 6.3 and 9 (IQR 6-14), respectively (Fig. 1C) .
Although DVTs were detected at a high rate between Days 3 and 14, the day of detection may not accurately represent the day of DVT formation. In fact, DVT formation may have occurred at any time between the prior normal DVT scan (or day of hospital admission) and the day the DVT was ultimately detected by ultrasonography. To account for this variability, we calculated the period of risk, defined as the time period between the last normal DVT scan and the first abnormal DVT scan ( Fig. 2A) . If the DVT was diagnosed at the first ultrasound screening, the period of risk began from the day of admission to the day of that first ultrasound examination.
The mean period of risk was 5.0 ± 3.4 days (median 4 days, IQR 3-7 days) (Fig. 2B) . To calculate an estimated risk of developing DVT by day, we first determined the total number of patient-days at risk in our cohort. This is the number of days at risk for each individual patient, summed for all 198 patients. Then, for each hospital day after admission, the number of patients with DVT who were at risk on that day were tallied. Dividing this number by the total number of patient-days at risk yields the per-cent of risk for any given day during the hospitalization (Fig. 2C) . We found that the highest risk occurred in the first week after rupture, with approximately 7%-8% risk of DVT development per day. After Day 8, the risk fell to less than 5% per day, and after Day 14, risk fell to less than 3% per day.
To obtain a more precise understanding of DVT formation in our cohort, we sought a smaller bin size to group DVTs by detection date. A large bin size, as used in Fig. 1 , with 3 categories (acute, subacute, and chronic), sacrifices time resolution; too small a bin size, however, may lead to error because of the time difference between DVT formation and detection. We chose a bin size of 5 days, equal to the average period of risk, because the time between when the DVT actually occurred and when it was detected would be smaller than the average period of risk. Forty percent of DVTs were detected in the hospital Days 5-9 period, a significant difference (p < 0.05) compared with 24% at 10-14 days, 14% at 15-19 days, 12% at 0-4 days, and 10% after Day 20 ( Fig. 3A and C) . The data, plotted as cumulative percentage in Fig. 3B , show that 50% of DVTs in this cohort were detected by hospital Day 9.
risks for dvt Formation
Multivariate analysis was performed to determine the individual contribution of risks to DVT development (Table 2 ). Nonsignificant contributors in the multivariate analysis included age, sex, vasospasm, aneurysm location, and type of intervention. In contrast, DVT development was significantly associated with increased length of hospital stay and use of mechanical prophylaxis only. Two attributes which were significant in the univariate analysis, EVD placement and ambulatory status during hospitalization, proved to be nonsignificant in the multivariate analysis.
discussion
To our knowledge, this is the first study that attempts to identify the time period of greatest risk for DVT development after aSAH. More than two-thirds of the DVTs in this cohort were discovered between postrupture Days 3 and 14. In our targeted analysis based on the frequency of repeated ultrasound screening, 40% of DVTs were detect- ed between hospital Days 5 and 9. This suggests that DVT development occurs in a unimodal distribution, with highest risk peaking around Day 7. In the multivariate analysis, the only factors significantly associated with DVT were length of hospitalization and use of DVT prophylaxis. Two characteristics that were significant in the univariate analysis, EVD placement and ambulatory status during hospitalization, became nonsignificant in the multivariate analysis. Several factors were found to not have a significant impact in DVT development. Importantly, the clinical severity, measured by Hunt and Hess grade and Fisher scores, and open surgical intervention did not independently increase the likelihood of developing DVT. Angiographic vasospasm also was not associated with DVT, suggesting that the relationship between DVT development and the time period highest for vasospasm may be coincidental.
Overall, the number of DVTs detected in this cohort (21%) is comparable to older studies of DVT in aSAH 14 as well as general neurosurgical cohorts, 7 but higher than reported in other, more recent studies. 11, 15 Thirty-six of the 198 patients received pharmacological prophylaxis, and within that subgroup, the incidence of DVT was only 2.7% (1 of 36). The rate of symptomatic embolism, at 1.7%, is also comparable to past studies (although it represents only 3 cases). The discrepancy in reported rates of DVT is likely multifactorial. First, increased awareness of DVT complications may be leading to increased use of pharmacological prophylaxis and combination mechanical-pharmacological prophylaxis, 5 which in turn may be decreasing the overall number of DVTs. The majority of patients in this study did not receive chemoprophylaxis, a practice which is becoming increasingly less common in the neurointensive care unit setting. Second, more sophisticated protocols for DVT prophylaxis, like weight-based dosing for heparin and more widespread use of enoxaparin and fondaparinux, may be contributing to the lower incidence of DVTs. Finally, variability in ultrasound screening frequency between studies may lead to differences in the numbers of asymptomatic DVTs detected.
The time course of venous thromboembolism in all hospitalized patients is not generally well understood and may depend on the underlying disease. The International Multicenter Trial, studying patients over 40 years of age "undergoing a variety of elective major surgical procedures," found that 39% of DVTs occurred in patients without prophylaxis between the day of operation to the 2nd day, while 52% occurred between the 3rd and 6th days, and only 9% occurred after the 7th day. The comparison heparin arm had significantly fewer DVTs (7% vs 25% in the control arm), but a similar percentage breakdown (36%, 45%, and 19%, respectively). 8 In a recent study comparing 2 types of orthopedic procedures, knee replacement was found to have a median of 7 days to occurrence of venous thromboembolism compared with 17 days in patients with hip replacement. 18 It is also suggested that the location of DVT development is dependent on the type of surgery or injury suffered by the patient, for example pelvic vein thromboses in pelvic surgery, and that location plays a role in determining the likelihood of developing symptomatic pulmonary embolism. 9 Together these data indicate that DVT development is a complex, heterogeneous process influenced by specific diseases as well as preexisting and acquired patient characteristics such as medical comorbidities and mobility during hospitalization.
One significant limitation of this study is the possibility that some patients may have entered the hospital with a preexisting DVT. These patients would have DVT detected on the initial screening ultrasound. Because only 7% of the patients (3 of 42) had documented DVT in the first 3 days of the hospitalization, it is likely that the number of patients who entered the hospital with DVT is low. An ideal study of the natural history of DVT formation would require screening at admission and daily afterward, a protocol that would be neither cost-effective nor likely to be beneficial toward clinical outcome. A second limitation is that the number of patients in this cohort is relatively small and limited to the experience of a single institution; it is unclear whether these results are generalizable across different neurointensive care unit environments.
conclusions
In summary, these data provide the first evidence of the timing of DVT formation in aSAH. Our data suggest that DVT development occurs in a unimodal distribution, in the subacute period after aneurysmal rupture, peaking between postrupture Days 5 and 9. This observation should be prospectively validated with a rigorous screening protocol. Additional investigation is needed to determine whether targeted pharmacological prophylaxis and/ or ultrasound screening around this time may be helpful to improve clinical outcome.
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